Because of large surface-to-volume ratios and low restoring forces, unwanted adhesion and friction can dominate the performance of microelectromechanical systems (MEMS) devices. To guarantee the function and reliability of MEMS devices, tribologists must understand the origins of adhesion, friction, and wear over a broad range of length scales from the macroscopic to the molecular. In this article, we present an overview of challenges, successes, and initial steps toward a fundamental understanding.
Polycrystalline silicon (polysilicon) is the material of choice in surface-micromachined MEMS because it is compatible with integrated-circuit technology, can be stressrelieved to less than 10 MPa, and deposits conformally by low-pressure chemical vapor deposition (CVD), allowing the fabrication of sophisticated hub geometries. 1 (For more on the technique of surface micromachining, see the article by Mehregany and Zorman in this issue.) However, silicon oxidizes readily to form a hydrophilic surface, making it susceptible to adhesion. Most metals also oxidize, so the problem is relevant to other micromachining technologies. Oxide surfaces are also prone to accumulating static charge, which can interfere with capacitive-sensing circuitry. Given these surface properties, we must consider aspects of device design, materials selection, and processing, and specific surface modifications to minimize the effects of adhesion, friction, and wear.
Even in applications where contact is never intended, adhesion arises as a significant problem. For example, in accelerometers and gyroscopes, compliant mechanisms are freely suspended above the substrate. During fabrication, a sacrificial material surrounds the structural films and must be removed to render the films freestanding. Sacrificial films are etched or dissolved in liquid in a so-called release step. To avoid capillary collapse, 2 a supercritical carbon dioxide drying process has been developed to circumvent the associated surface tension. 3 However, strain gradients through the thickness of the films can cause structural members to curl and contact the substrate, resulting in adhesion. Proper deposition and annealing sequences 4 must be implemented to guarantee that freestanding films exhibit low curvature, and sufficient design tolerance must be built into the device to avoid contact and adhesion due to handling after release of the freestanding structures. Contacts are often inherent to the function of a device. Optical switching devices require rapid contact and disengagement, creating a dynamic adhesive interface. Microrelays have conflicting demands of low contact resistance and low adhesion. In some applications, switches may remain in contact for extended periods. In all of these, long-term changes in adhesive energy due to the stability of the interface and environmental factors are of great concern.
Low-surface-energy, hydrophobic coatings applied to oxide surfaces are promising for minimizing adhesion and static-charge accumulation. Typically, these are very thin or monolayer organic coatings, either physisorbed or covalently bound to the surface. Nonpolar organic groups on the surface exhibit low adhesive energy and low static-charge accumulation; in some cases, they are self-healing. In addition to exhibiting low surface energy, coatings must be compatible with subsequent device processing, including packaging processes involving thermal treatments of 400-500ЊC. Examples of coatings that have been successfully introduced to commercial MEMS products include Texas Instruments' report of a perfluorodecanoic acid coating on structural aluminum that selfheals damaged areas 5 for their Digital Micromirror Device™. Analog Devices has patented nonpolar phenylsiloxane coatings for accelerometers that resist charge buildup and also survive packaging temperatures as high as 500ЊC. 6 Coatings must not introduce stress gradients and must coat even the most inaccessible surfaces, so line-of-sight deposition techniques of hard materials are not likely to work. Therefore, much effort has been focused on organic monolayer films, such as the silane coupling agents octadecyltrichlorosilane (C 18 H 37 SiCl 3 , ODTS) and perfluorodecyltrichlorosilane (C 8 F 17 C 2 H 4 SiCl 3 , FDTS). 7 These films are typically deposited from nonaqueous solution after the release step in MEMS fabrication. While this process is already much studied, its introduction into the MEMS fabrication sequence has been problematic, due to the requirements of controlling trace amounts of water on the surface and in the solution, stability of the precursor solutions (the organic compounds tend to agglomerate in the bulk solvent), and stability of the resulting films to temperature and humidity. Hydrolysis and condensation reactions in the solvent compete with surface reactions, leading to micelle deposition rather than monolayer deposition. 8 The morphology of the coating strongly affects release yield. 9 According to contact-angle measurements, films of ODTS thermally degrade in air or oxygen below 200ЊC, but survive to 400ЊC in vacuum or nitrogen, while FDTS survives in air to 400ЊC. 10 However, FDTS films have also been reported to degrade in high-humidity environments (Ͼ80% RH for extended periods), perhaps due to film restructuring to form surface micelles or water adsorption at defects.
11
Alternative CVD processes using volatile fluoroalkylsilane precursors alleviate some of the problems encountered in solutionbased processes. 12 Precursor chemistry is easily controlled in the gas phase, efficient transport at low pressure ensures coating of high-aspect-ratio structures, and selflimiting surface reactions lead to conformal monolayer coverage. Plasma-enhanced deposition has also been used to form thin fluorocarbon films with low surface energy, 13 but issues of conformal coating, coverage of inaccessible surfaces, and control of film properties remain unresolved.
Organic films directly bonded to silicon (without a surface oxide present) are also being explored with alkenes forming Si-C linkages to the surface 14 and amines forming Si-N linkages 15 emerging as candidates. The structure, performance, and stability of such organic films have yet to be thoroughly investigated.
The most sophisticated MEMS devices employ sliding contacts in rotary-or linearmotion devices. None have yet been commercialized, but they have great appeal because of the high functionality at low cost that can be achieved with gears, linear racks, rotating platforms, and pop-up mirrors. 1 In these devices, issues of friction and wear become important in addition to adhesion. Organic monolayer films are again the focus of efforts to develop lubricants for MEMS. These films have low friction coefficients, and their performance naturally depends on the chemical nature and/or structure of the films. For example, ODTS films show a lower initial friction coefficient than shorter-chain fluorinated FDTS films, presumably due to higher packing density and ordering of the hy-
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drogenated alkyl groups. 16, 17 The friction coefficient of organic film-modified surfaces increases after moderate periods of applied shear force, and the surfaces exhibit significant wear. 18, 19 These observations suggest that organic monolayer films may not be robust enough to serve as lubricants in devices requiring extended sliding contact. Other hard coatings may be necessary to prevent extensive wear in sliding contacts. A self-limiting conformal CVD of tungsten on polysilicon to form a hard coating shows superb resistance to wear. 20 To develop robust materials and processes for MEMS devices, in situ microtribology tools are needed to quantify properties of adhesion, friction, and wear on as-fabricated MEMS parts. Figure 1 shows a microtribological laboratory on a chip that is being developed at Sandia National Laboratories. 21 Test structures, metrology, and mechanics models are integrated to enable high-resolution mechanical and interfacial property measurement. Deflection of electrostatically loaded cantilevers, measured by interferometry (Figure 1a) , can be compared to finite-difference models to determine Young's modulus to 5% accuracy. 22 Residual strain can be measured to ϳ10 Ϫ6 resolution and ϳ10
Ϫ5
accuracy with electrostatically loaded fixed-fixed beams (Figure 1b) . 23 Cantilevers (Figure 1c ) are simple but powerful structures to measure interfacial adhesion 24 and adhesion hysteresis, 11 lending themselves to studies of the interplay of adhesion with interfacial roughness, humidity, and coatings. For example, adhesion of hydrophilic surfaces increases exponentially with relative humidity. This observation can be explained by a singleasperity model. 25 Friction is being studied as a function of pressure and velocity by use of a cantilevered hinged-pad test structure (Figure 1d) . 26, 27 Although the properties of interest can be determined to high resolution, the test fixtures occupy only a small percentage of the wafer area. This is important because most of the available wafer area is dedicated to MEMS devices.
At the more fundamental level, the challenge to understanding the tribological properties of MEMS devices extends down the length scale from micrometers to angstroms. As seen in Figure 2 , macroscopic contacts in MEMS devices are composed of a distribution of small-area contacts at nanometer-scale asperities. The characteristics of surface morphology and properties of single asperity contacts can be studied by techniques such as atomic force microscopy. 28, 29 The characteristics of these nanometer-scale contacts are in turn strongly affected by the atomic-scale chemistry and physics of the surfaces and films coming into contact. Adhesion, friction, wear, and stability of surface films are dependent on molecular structure, endgroup chemistry, molecular orientation, defects, and energy-dissipation mechanisms, which are not yet well understood. 30, 31 Van der Waals forces between noncontacting portions of the surfaces also contribute strongly to adhesion. 11 Linking these length scales from the macroscopic to the atomic will be necessary in order to develop a fundamental understanding of the adhesion and friction values measured for MEMS devices.
It is likely that no single technical approach will address all of the problems of process compatibility, charging, adhesion, friction, and wear, and their interactions with environmental factors. Therefore, a given MEMS application and packaging technology must be carefully considered in the context of which tribological issues need to be resolved. The fundamental study of tribological coatings through processing, surface characterization, and modeling will be necessary to bring a wider class of MEMS to the market.
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